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Abstract | Cardiovascular and renal diseases are associated with many risk factors, of which hypertension is one of the most prevalent. Worldwide, blood pressure control is only achieved in ~50% of those treated for hypertension, despite the availability of a considerable number of antihypertensive drugs from different pharmacological classes. Although many reasons exist for poor blood pressure control, a likely contributor is the inability to predict to which antihypertensive drug an individual is most likely to respond. Hypertension pharmacogenomics and other 'omics' technologies have the potential to identify genetic signals that are predictive of response or adverse outcome to particular drugs, and guide selection of hypertension treatment for a given individual. Continued research in this field will enhance our understanding of how to maximally deploy the various antihypertensive drug classes to optimize blood pressure response at the individual level. This Review summarizes the available literature on the most convincing genetic signals associated with antihypertensive drug responses and adverse cardiovascular outcomes. Future research in this area will be facilitated by enhancing collaboration between research groups through consortia such as the International Consortium for Antihypertensives Pharmacogenomics Studies, with the goal of translating replicated findings into clinical implementation.
Personalized treatment approaches
The poor global rates of blood pressure control probably have many causes, including poor adherence to therapy, insufficient effort on the part of the clinician to achieve blood pressure control in their patients, and poor response to the prescribed antihypertensive therapy. An important element underlying poor responses to prescribed treatments is the relative lack of predictive approaches for selecting the most appropriate therapy for individual patients.
Clinical predictors of response
A number of studies have attempted to identify clinical factors that can be used to guide treatment decisions. The influence of age and ancestry on response to firstline antihypertensive therapy has been recognized since the 1980s, particularly stemming from the results of the Veterans Affairs Cooperative Studies 20 . These differences in response to treatment are often described by categorizing first line antihypertensive drug classes as ABCD, referring to angiotensin-converting enzyme (ACE) inhibitors and/or angiotensin-receptor blockers (ARBs; A), β-blockers (B), calcium-channel blockers (C) and diuretics (D), where responses to classes A and B tend to be similar, as are responses to classes C and D 21 . With regard to age and ancestry, patients who are young and of European ancestry tend to respond better to classes A and B, whereas older hypertensive patients and those of African ancestry are more likely to respond to classes C and D 20, 22, 23 . Plasma renin activity has long been touted as an important biomarker for predicting blood pressure response to antihypertensive therapy. Moreover, the differences in blood pressure response to these drugs noted between young and elderly patients, and between patients of European and African ancestry, could be caused in large part by differences in plasma renin activity 24 . In a cohort of white and African American patients with hypertension who were treated with either hydrochlorothiazide, atenolol or a combination of the two, plasma renin activity was the only biochemical parameter that consistently significantly contributed to the prediction of systolic and diastolic response to monotherapy or combination therapy 25 . Beyond age, ancestry and plasma renin activity, limited data exist on clinical factors or biomarkers that are predictive of response to antihypertensive drugs. Although the age and ancestry of a patient are often considered in selecting antihypertensive therapy, plasma renin activity is rarely measured to guide treatment decisions in the clinical setting. Moreover, although plasma renin activity is associated with blood pressure response to treatment, additional factors beyond blood pressure lowering might influence the ability of a drug to prevent cardiovascular events, stroke and kidney failure.
The potential of pharmacogenomics
Since the completion of the Human Genome Project in 2001 there has been substantial interest in identifying genetic biomarkers that help to define an individual's risk of disease and response to medications. The use of genetic biomarkers to assess response to medications is called pharmacogenomics and work in the pharmacogenomics of hypertension medications is driven largely by the quest to identify genetic or other 'omic' biomarkers that could be used to personalize treatments for affected patients.
Technologies for genotyping and genome sequencing have advanced at an unprecedented pace, such that it is now possible to sequence the human genome for about US$1,000, and in hours to days, in contrast to the >10 years and >$2 billion that was spent sequencing the first human genome. These technological advances have led to the projection that in the next decade it will be possible to obtain genome-wide genotype, whole exome or whole genome sequence data for any patient. The considerable challenges associated with these platforms will relate not to the generation of data, but rather to the interpretation and storage of the data, and to defining the genetic markers that are sufficiently predictive to be useful in the clinical setting.
Many arguments exist as to why a pharmacogenomics approach may be useful in patients with hypertension. First, as noted above, rates of blood pressure control are far from optimal, and the ability to identify a priori a therapy or combination of therapies that might be most effective for an individual has potential to be beneficial. More importantly, the risk of future cardiovascular events and kidney failure cannot be defined for an individual and thus the availability of sets of genetic biomarkers that can predict the likelihood of better outcomes with a particular therapy in a particular individual would present certain advantages. The risks associated with a genetic-guided approach would be relatively low as the current method for selection of antihypertensive therapy is largely empirical, and often involves a trial and error approach that disenfranchises patients with hypertension, which is largely an asymptomatic disease.
Pharmacogenetics data are increasingly used to guide treatment decisions, and is now common for many anticancer drugs. The international Clinical Pharmacogenetics Implementation Consortium (CPIC) evaluates the literature to define when and how genetic data should be used to guide drug therapy for individual
Key points
• Hypertension is an important, modifiable risk factor for cardiovascular and kidney disease • Rates of blood pressure control are substantially below the desired levels globally, with many factors contributing to poor blood pressure control • Pharmacogenomics and other 'omics' approaches could help to identify useful biomarkers for a more personalized or precision approach to antihypertensive treatment strategies • Validating and replicating antihypertensive pharmacogenomics signals will require large sample sizes and will probably not yield a single signal with a large effect size, but rather multiple signals with small effect sizes • As technology continues to evolve and genetic and other 'omics' data become available from collaborative studies, identification of biomarkers of blood pressure response might be possible patients. Their guidelines are freely available online 26 . Although no guidelines currently exist for the use of pharmacogenomic data to guide anti hypertensive drug therapy, CPIC guidelines are available for other cardiovascular drugs, namely clopidogrel 27 , warfarin 28 and simvastatin 29 . In our institution we have implemented genotype-based guidance for clopidogrel therapy in patients undergoing percutaneous coronary i ntervention with stent placement 30, 31 .
Hypertension pharmacogenomics CPIC guidelines have been developed to recommend use of genetic data to guide treatment or dosing decisions for indications in which the specific genetic poly morph isms have a very large effect size. From the available data on hypertension genetics, it seems clear that no genetic polymorphisms with very large effect sizes exist. It is unlikely, therefore, that analysis of only one or two genes will be useful for guiding treatment decisions. Rather, a combination of modest effect size variants will probably need to be defined if we are to reach the goal of genetic-guided antihypertensive therapy. Although no examples of hypertension pharmacogenomics have been sufficiently validated for clinical use, the available findings suggest promise and are highlighted below.
The majority of studies in this field have either evalu ated the association between genotype and blood pressure lowering or sought to identify treatmentrelated outcomes that differ by genotype. Most of the studies that have tested genetic associations with blood pressure response were designed specifically to test pharmaco genetic hypotheses. In contrast, data on the pharmaco genetics of treatment-related outcomes have arisen from large randomized controlled trials that had a primary clinical question, and for which genetic samples were collected to enable conduct of genetic studies. An overview of the approaches used in genetic and pharmaco genetic studies can be found in BOX 1.
The following discussion focuses on the most promising findings from these studies. Specifically, we focus on examples where significant associations have been identified in more than one cohort, in the absence of a number of studies showing no association (TABLE 1) . Studies have also investigated genetic associations with adverse metabolic effects, including new-onset diabetes; however, uncertainty exists as to whether these genetic signals are promising. Finally, a relatively new focus on the genetic predictors of resistant hypertension seems to hold promise, and could help to identify patients in whom an aggressive approach to treatment will be needed 32 .
Blood pressure and cardiovascular outcomes
Two genes exist for which genetic association studies have documented associations between blood pressure lowering and adverse cardiovascular outcomes with specific classes of drug: NEDD4L with thiazide diuretics and ADRB1 with β-blockers. In both cases the associated genes were identified through candidate gene studies, as they reside within the known pharmacological pathways of the drugs and because the functional effects of polymorphisms in these genes have been well defined. These two genes can therefore be considered to have the strongest levels of evidence to date for effects on antihypertensive agents. NEDD4L and thiazide diuretics. NEDD4L encodes the NEDD4-2 protein, which has long been purported to have an essential role in controlling the cell surface expression of the epithelial sodium channel, ENaC, thereby influencing epithelial sodium transport 33 . Studies from the past couple of years, however, suggest that NEDD4-2 ubiquitylates and controls the cell surface expression of several different renal sodium transporters, including the sodium-hydrogen exchanger (NHE3), the sodium-potassium-chloride cotransporter (NKCC2) and the sodium-chloride cotransporter (NCC) 33, 34 . The genetic polymorphism rs4149601G>A creates a cryptic splice site in NEDD4L, with the G allele resulting in less ENaC downregulation, thereby leading to increased sodium retention. The G allele of this polymorphism is Targeted sequencing, whole exome sequencing and whole genome sequencing • Sequence-based approaches that test targeted genes, the whole exome or the whole genome • Increasingly applied in disease genetics and the typical approach for highly penetrant genetic diseases • Typically an extreme phenotype sample set is used to discover rare, large effect variants • Few examples of this approach in pharmacogenomics for primary discovery exist to date; to our knowledge no examples exist in hypertension pharmacogenomics associated with hypertension [35] [36] [37] , an increased risk of cardio vascular disease and cardio vascular mortality 37 , and greater salt-sensitive hypertension with lower plasma renin activity 38 . The latter phenotype would be predicted to be associated with a greater blood pressure lowering response to a thiazide diuretic.
The hypothesis that patients with the rs4149601G>A polymorphism will exhibit a greater response to thiazides has in fact been confirmed by several studies. The Nordic Diltiazem (NORDIL) study first showed that the blood pressure lowering effects of combination thiazide/β-blocker treatment were greater in carriers of the G allele compared to carriers of the AA genotype (reduction in systolic blood pressure [ The Pharmacogenomic Evaluation of Antihypertensive Responses (PEAR) study then showed greater blood pressure lowering in patients with the G allele in response to hydrochlorothiazide but no difference by genotype in response to the β-blocker atenolol 40 . This finding is fully consistent with the hypothesis that the rs4149601 G allele leads to greater salt sensitivity and lower plasma renin activity.
The potential importance of NEDD4L as a genetic marker of the efficacy of antihypertensive agents has also been evaluated in two clinical trials that addressed the influence of the rs4149601 polymorphism on treatmentrelated outcomes. In the NORDIL trial, as mentioned above, carriers of the G allele had significantly better outcomes in response to thiazide diuretic/β-blocker combination treatment than did patients with the AA genotype (OR 0.52, 95% CI 0.36-0.74, P <0.0001) 39 . Similarly, in the International Verapamil SR Trandolapril Study T allele for all three SNPs
Increasing copies of the 65Leu−142Val haplotype were associated with significantly reduced atenolol-induced DBP lowering (−9.1 ± 6.8 versus −6.8 ± 7.1 versus −5.3 ± 6.4 mmHg in participants with zero, one, and two copies of 65Leu−142Val, respectively; P = 0.0088) 74 CV outcomes CCB SIGLEC12, A1BG, F5 (rs16982743, rs893184, rs4525)
Risk score with one point given for each genotype that conferred a higher risk in the CCB arm than the β-blocker arm
In patients with a genetic risk score of 0 or 1, CCB treatment was associated with lower risk of treatment-related adverse CV outcomes (heart attack, stroke or death; OR 0.60, 95% CI 0.42-0.86); in patients with a genetic risk score of 2-3, CCB treatment was associated with higher risk (OR 1.31, 95% CI 1.08-1.59; meta-analysis interaction P = 2.39 × 10 −5 ) 84 ARB, angiotensin-receptor blocker; BP, blood pressure; CCB, calcium channel blocker; CV, cardiovascular; DBP, diastolic blood pressure; SBP, systolic blood pressure; SNP, single nucleotide polymorphism, SR, slow release.
(INVEST), patients with a G allele who were not treated with a thiazide diuretic had a significantly higher risk of cardiovascular events than those with the AA genotype, although this increased risk was mitigated by treatment with a thiazide diuretic 40 . Collectively, substantial evidence points to a role for NEDD4-2 in regulating sodium reabsorption in the kidney and influencing blood pressure, particularly salt-sensitive elevations in blood pressure. As discussed, genetic polymorphisms in NEDD4L, particularly rs4149601, influence the blood pressure response to thia zide diuretics, and the risk of cardiovascular events is lowered in carriers of the G (risk) allele who are treated with a thiazide diuretic. Although future research is needed to more fully understand whether this polymorphism could be used to guide treatment decisions in patients with hypertension, the available data are certainly compelling.
ADRB1 and β-blockers. ADRB1 encodes the β1-adrenergic receptor, which mediates the physiological response to noradrenaline, and to a lesser extent, adrenaline. The β1-adrenergic receptor is the primary protein target of all β-adrenergic-receptor blockers and the majority of their beneficial effects arise by inhibiting agonist-mediated effects. ADRB1 contains two common and well-studied genetic polymorphisms that lead to changes in the encoded amino acids: rs1801252, which has a minor allele frequency ranging from 0.13 to 0.20 and results in the Ser49Gly variant, and rs1801253, which has a minor allele frequency ranging from 0.2 to 0.5 and results in the Arg389Gly polymorphism 41 . A substantial amount of evidence suggests that these polymorphisms, particularly rs1801253, are functional. The Arg389 allele is associated with greater coupling of the β1-adrenergic receptor to the second messenger adenylyl cyclase, resulting in greater downstream signalling in response to agonist binding 41 . Studies have also suggested that Ser49 undergoes less receptor internalization than the glycine variant, also resulting in greater downstream signalling. Data from the last 10-15 years and confirmed again in the past 2 years document that both the Ser49Gly and Arg389Gly variants are functional, although the effect of the Arg389Gly allele is greater and might obscure the functional effect of the codon 49 genotype 42 . The ancestral alleles (Ser49 and Arg389) are both associated with greater agonist-mediated effects than the variant alleles. The majority of the available literature focuses on the Arg389Gly polymorphism or on the haplotypes resulting from the codon 49 and 389 polymorphisms.
Similar to NEDD4L, ADRB1 has been associated with blood pressure and hypertension in numerous studies. For example, a study of nearly 90,000 individuals showed that the Arg389 allele is associated with hypertension 43 , and genome-wide association studies (GWAS) involving >60,000 individuals have identified associations between ADRB1 and hypertension 44, 45 . Of note, the poly morphisms that result in the Ser49Gly and Arg389Gly variants are in regions that are very GC rich, which makes them difficult to genotype. Analyses of these regions tend not to yield high quality genotype data from large genotyping arrays, which limits the ability of these specific single nucleotide polymorphisms (SNPs) to be detected in arrays such as GWAS because they typically do not survive the genotyping quality control pro cedures. In fact because of difficulties with the genotyping assay on arrays, the Ser49Gly and Arg389Gly variants are no longer included in the more recent genome-wide SNP arrays.
The Arg389 allele and the Ser49Arg389 haplotype are thought to be associated with greater β-blocker efficacy, as these alleles are associated with greater agonistmediated signalling, and are therefore more likely than variant forms to be inhibited by the β-blocker. Indeed a number of studies [46] [47] [48] [49] , although not all 50, 51 , have shown that the Arg389 allele, particularly the Arg389Arg genotype or the Ser49/Arg389 haplotype, is associated with greater blood pressure lowering in response to β-blockers than are other variants. In one study, individuals who were homozygous for the Arg389 allele had a greater blood pressure response to the β-blocker metoprolol (with a difference in 24 h DBP of −6.5 mmHg compared to carriers of the Gly389 allele, P = 0.0018) 46 . Similarly, carriers of the Ser49Arg389/Ser49Arg389 haplotype had a greater blood pressure response to metoprolol than did carriers of the Gly49Arg389/Ser49Gly389 haplotype (−14.7 mmHg versus −0.5 mmHg, P = 0.006).
A body of literature suggests that ADRB1 genotype can influence clinical outcomes associated with β-blocker therapy. In the context of hypertension, data from INVEST suggest that compared to other haplotypes, the Ser49/Arg389 haplotype is associated with a significantly increased risk of death in patients treated with the verapamil SR-based treatment strategy (HR 8.58, 95% CI 2.06-35.8). This increased risk was offset by treatment with an atenolol-based treatment strategy (HR 2.31, 95% CI 0.82-6.55) 52 (FIG. 1) . Similarly, a population cohort study found that individuals with SNPs in the promoter region of ADRB1 had a higher risk of adverse cardiovascular events associated with β-blocker use than did homozygous carriers of the common allele 53 . The Arg389 allele or the Ser49Arg389 haplotype has also been associated with better clinical outcomes with β-blocker treatment in patients with atrial fibrillation 54 , ventricular arrhythmias 55 and heart failure 41, 56 . Collectively these data provide clear evidence that functional variation exists in ADRB1 that is likely to influence blood pressure response and outcomes in patients with hypertension and other cardiovascular diseases. Additional studies are needed to determine whether these genetic associations are sufficiently robust to use this information clinically, including validation in other cohorts, particularly in hypertension studies with cardiovascular outcomes as the response studied.
Other promising gene-drug interactions A number of studies have focused on genetic associations with response to antihypertensive therapies, particularly thiazide diuretics, with some promising data also for β-blockers. A number of candidate gene studies have investigated genetic associations with response to ACE inhibitors and ARBs, but the data from these studies are highly conflicting such that no candidate gene exists for which the majority of data from genetic associations studies suggest a positive association with response to ACE inhibitors and ARBs. Very few studies have focused on the genetic association of calcium channel blockers with blood pressure lowering.
Pharmacogenomic signals for thiazide diuretics
Chromosome 12 haplotype. The first GWAS on the pharmacogenomics of hypertension treatment was the Genetic Epidemiology of Responses to Antihypertensives (GERA) study. In this study, the diastolic blood pressure response of African Americans to the thiazide diuretic hydrochlorothiazide was associated with three SNPs located on chromosome 12q15 (a haplotype consisting of rs317689, rs315135 and rs7297610 near LYZ, FRS2 and YEATS4, with rs7297610 being the strongest signal) 57 . The PEAR study then replicated this association in an independent cohort of African Americans treated with hydrochlorothiazide 58 . A greater blood pressure lowering response was observed in African Americans with the rs7297610 CC genotype compared to the TT genotype (SBP −13 versus −9.6 mmHg and DBP −8 versus −5.2 mmHg for the CC and TT genotype, respectively). PEAR also explored YEATS4 and FRS2 gene expression before and after hydrochlorothiazide treatment and observed that patients with the FRS2 CC geno type had higher baseline gene expression than those with the CT genotype, providing a potential mechanistic explanation for the genetic association between the CC genotype and the greater blood pressure response to h ydrochlorothiazide treatment 58 .
Protein kinase Cα. A 2013 GWAS of hydrochlorothiazide response 59 included cohorts of white hypertensive patients from several pharmacogenomics studies. Cohorts from PEAR and GERA were included as the discovery cohorts and replication analyses were performed in three other cohorts, including the Genetics of Drug Responsiveness in Essential Hypertension (GENRES) study, the NORDIL Study and the Milan Hypertension Pharmacogenomics of hydrochlorothiazide (MIHYPHCTZ) study. An intronic SNP, rs16960228, in PRKCA (which encodes protein kinase Cα) on chromosome 17q24.3 was identified in the PEAR and GERA discovery cohorts in association with blood pressure response to hydrochlorothiazide. This signal was successfully replicated in the NORDIL and GENRES cohorts with the same direction of effect, but not in MIHYPHCTZ. The P value of the combined meta-analysis of the four studies was 3.3 × 10 −8
, meeting genome-wide significance. Systolic and diastolic blood pressure responses were consistently greater in carriers of the rs16960228A allele than in homozygote GG carriers (with a difference in both DBP and SBP >4 mmHg) across all study samples (FIG. 2) . This association was further validated by other findings. First, in PEAR, the rs16960228 polymorphism was also associated with DBP response to the β-blocker, atenolol, with the opposite direction of effect. This finding is not surprising given the different pharmacologic profiles of thiazide diuretics and β-blockers. Second, associations between DBP and SNPs within PRKCA (P = 10 −5 ) were also observed in individuals of African American ancestry 59 . Third, expression studies revealed that the expression level of PRKCA was significantly higher among carriers of the rs16960228 variant A allele than among those with the GG genotype 59 .
GNAS-EDN3.
In the 2013 GWAS described above, the GNAS-EDN3 region variant rs2273359 was significantly associated with SBP response to hydrochlorothiazide in the PEAR, GERA and NORDIL studies. GENRES and MIHYPHCTZ did not have data available for this SNP. Among the three studies with available data, carriers of the CG genotype had a better blood pressure response to hydrochlorothiazide than those with the CC genotype. A meta-analysis of data from the three studies reported a P value of 5.5 × 10 −8 for the association, which approached the level of genome-wide significance 59 . TET2 and CSMD1. In a 2015 GWAS of two Italian cohorts, the Pharmacogenomics of Hydrochlorothiazide Sardinian Study (PHSS) and MIHYPHCTZ, TET2, an aldosterone-responsive mediator of αENaC transcription, and CSMD1, which encodes a transmembrane protein belonging to the vacuolar-protein-sorting-13 family and has been previously associated with hypertension, peripheral arterial disease and meta bolic syndrome, were also associated with greater blood pressure lowering response to hydrochlorothiazide. Six SNPs -rs12505746, rs7387065, rs11993031, rs9285669, rs11189015, rs9915451 -were associated with SBP (β values ranging from −10.1 to −3.4 mmHg per variant allele). Five SNPs -rs4431329, rs7706429, rs9590353, rs113095083, rs77876672 -were associated with DBP (β values ranging from −6.5 to −2.6 mmHg). The CSMD1 signal was replicated in the GENRES cohort and showed the same direction of effect in NORDIL 60 . G-protein β3 subunit. Candidate gene studies identified an association between a SNP, C825T, in GNB3 (which encodes the G-protein β3 subunit), with DBP and plasma renin, whereby carriers of the T allele had elevated DBP and low plasma renin 61 . On the basis of this finding we could hypothesize that the variant T allele might also be linked with volume expansion and sodium sensitivity, suggesting that this genotype might be associated with a thiazide diuretic-responsive form of hypertension. This hypothesis was tested in GERA, and indeed, participants with a T allele achieved greater lowering of SBP and DBP with hydrochlorothiazide than those who did not have a T allele (difference of −6 mmHg and −5 mmHg for SBP and DBP, respectively). This finding remained significant after adjusting for clinically appropriate covari ates 62 . Although this finding was subsequently replicated by another study conducted in the Netherlands 63 , it has not been consistently replicated 64 .
Angiotensin-converting enzyme. ACE catalyses the formation of the active peptide angiotensin II from angio tensin I. Angiotensin II is a peptide hormone that increases blood pressure and affects fluid and electrolyte balance via vasoconstriction. Compelling data suggest a link between plasma ACE activity and the ACE insertion and deletion (I/D) polymorphism of intron 16. Those with the deletion polymorphism (D allele) have increased ACE activity 65 , making ACE an attractive target for candidate gene studies. Thiazide diuretics activate the renin-angiotensin system, particularly early in therapy, and the ACE I/D polymorphism has been investi gated in terms of the blood pressure response to hydrochlorothiazide. Although results from these studies have been inconsistent, a meta-analysis of four studies including over 1,400 individuals found a small but significant lesser reduction in blood pressure response to hydrochlorothiazide in homozygous carriers of the insertion alleles (ACE II) compared with homozygous carriers of DD alleles (standard differences in means 0.256, 95% CI 0.109-0.403) 66 . Another study observed that following treatment with hydrochlorothiazide, carriers of the ACE II genotype were more likely to develop hypokalaemia than were carriers of the DD genotype 67 . α-adducin. ADD1 encodes the protein α-adducin, which is one of three adducing subunits. α-adducin is expressed ubiquitously and might have a role in the modulation of ion transport. Through a candidate gene approach, the ADD1 polymorphism Gly460Trp, which is a nonsynonymous SNP, has been linked with salt sensitivity. Carriers of the 460Trp variant had reduced plasma renin activity before treatment with hydrochlorothiazide and a better blood pressure response to treatment than those with the Gly/Gly genotype (−15.9 versus −7.4 mmHg, P = 0.001) 68 . Subsequently, an in vitro study that utilized erythrocytes to model cell membrane transport found that the Gly460Trp variant affects renal sodium handling by altering cell membrane ion transport 69 . However, as has been the case with many of the candidate gene findings from pharmacogenomic studies, the Gly460Trp SNP findings have been replicated by some 70, 71 , but not all, subsequently published studies 59, 64, 72, 73 . Finally, in a meta-analysis of 1,001 individuals from four studies, carriers of the Gly/Gly genotype had a slightly, but significantly, better blood pressure lowering response to hydrochlorothiazide than did carriers of the Trp/Trp genotype 66 . Ala142 variant was associated with a 50% lower likelihood of achieving the 107 mmHg blood pressure target following treatment with metoprolol. Additionally, each Ala142 variant in men with the Leu65 variant was associated with a twofold reduction in the likelihood of achieving the target blood pressure. This link was not identified in the female AASK participants 74 . In the PEAR study, these variants were also found to be associated with blood pressure levels after treatment with atenolol, whereby carriers of variant alleles had or trended toward reduced blood pressure lowering following treatment. An ana lysis of the haplotype of the two more common variants revealed a significant association between increasing copies of the 65Leu−142Val haplotype and reduced DBP response to treatment with atenolol (−9.1 ± 6.8, −6.8 ± 7.1 and −5.3 ± 6.4 mmHg in participants with zero, one, and two copies of 65Leu−142Val, respectively; P = 0.0088). This effect was not observed after treatment with hydro chloro thiazide 75 . A 2014 study investigated the relationship between GRK4 SNPs and the number of antihypertensive agents required to achieve blood pressure control. Homozygous carriers of 65Leu and 142Val variants were significantly more likely to require two or more antihypertensive agents to achieve blood pressure control than those who were heterozygous carriers or expressed wild type alleles 76 . In a study of Japanese patients with hypertension exposed to multiple ARBs, carriers of one or two variant alleles at Ala486Val were less likely than those with no variant Ala486Val allele to respond adequately to an ARB, whereas individuals with at least one variant at each of the GRK4 polymorphic sites were significantly less likely to respond to an ARB and had less of a decrease in SBP and DBP than those with no variants 77 . Lastly, in an investigation of risk of adverse cardiovascular outcomes and GRK4 poly morphisms in INVEST, homozygous carriers of the 486Val allele had a significant twofold increased risk of adverse outcomes (OR 2.29, 95% CI 1.48-3.55; P = 0.0002), which was independent of antihypertensive treatment 75 .
Pharmacogenomic signals for β-blocker
Aminoacylase III. A GWAS of the GENRES study identified a signal (rs2514036) on chromosome 11 that achieved genome-wide significance for ambulatory blood pressure response to the β-blocker bisoprolol (β value −5.4 mmHg per variant allele, P = 2 × 10 −8 ). These SNPs lie within the coding and regulatory regions of ACY3, which encodes aminoacylase III 78 . This chromo some 11 signal was not replicated within PEAR (which investigated the pharmacogenomic response to atenolol), and more research is necessary to validate this GWAS signal.
ACE inhibitor or ARB response
Angiotensinogen. Angiotensinogen (also known as the renin substrate) is a component of the renin-angiotensin system, a hormone system that regulates blood pressure and fluid balance. Angiotensinogen is catalytically cleaved by renin to produce angiotensin I in response to lowered blood pressure. ACE subsequently removes a dipeptide to produce angiotensin II, which is the physiologically active compound that functions to regulate fluid volume. Mutations in AGT, which encodes angiotensinogen, have been evaluated in pharmacogenomic candidate gene studies to assess the effects of AGT variants on response to ACE inhibitors and ARBs. In a 2014 study of a cohort of Chinese patients with hypertension, the AGT variant −6A>G resulted in significantly greater blood pressure lowering in response to treatment with an ACE inhibitor (SBP −22.5 mmHg in homozygous carriers of the GG variant compared to −13.7 mmHg in homozygous carriers of AA alleles), with similar trends for DBP, pulse pressure and mean arter ial pressure 79 . Another study that investigated the same AGT variant in Swedish patients with hypertension, however, found that homozygous carriers of the AA alleles had the best blood pressure response to treatment with atenolol (−17 mmHg compared to −3 mmHg for homozygous carriers of the GG variant) with no difference observed by genotype following treatment with the ARB irbesartan 80 . Another AGT variant, rs699, which leads to the substitution Thr235Met has also been studied extensively with regard to blood pressure response to treatment. Although the rs699 variant is functional 81 , studies of blood pressure response associated with this variant have again resulted in mixed findings. The Thr/Thr genotype has been shown to be associated with a better blood pressure response to the ACE inhibitor enalapril than the Met/Thr or Met/Met variants (SBP −26mmHg, −3.0mmHg and −1.2 mmHg for the Thr/Thr, Met/Thr and Met/Met genotypes, respectively) 82 . Other studies, however, have shown no association with response to treatment with an ACE inhibitor 83, 84 . Collectively the data generated from these candidate gene studies are less compelling than those of other candidate genes since most of the available studies are small and many of the genetic signals lack substantial replication.
Treatment-related outcomes
Clinical implementation of pharmacogenetics in patients with hypertension will probably require an approach that takes into account the potential of multiple genetic polymorphisms to guide one of several antihypertensive drug classes. An example of how such an approach might work was detailed in an analysis of INVEST, in which a genome-spanning array of genes related to cardiovascular and metabolic phenotypes were tested for their association with treatment-related outcomes. From this analysis, three nonsynonymous variants (rs16982743, rs893184 and rs4525, which are located in SIGLEC12, A1BG and F5, respectively) were significantly associated with differential outcomes with β-blocker versus calcium channel blocker treatment in white individuals and also, in a separate analysis, in individuals of Hispanic ancestry 85 . These SNPs have not been associated with blood pressure or hypertension in previous studies, although other SNPs in F5 have been associated with hyper tension 86 . From these data a 'risk score' was then created for rs16982743, rs893184 and rs4525. Patients with a risk score of 0 or 1 had better cardiovascular outcomes if treated with a calcium channel blocker compared to a β-blocker (OR 0.60, 95% CI 0.42-0.86), and those with a risk score of 2 or 3 had worse outcomes if treated with a calcium channel blocker compared to a β-blocker (OR 1.31, 95% CI 1.08-1.59). These findings were then replicated in the NORDIL trial 85 (FIG. 3) .
These data not only identify genes of potential importance to define treatment-related outcomes, but this approach also highlights the manner in which genetic information might be used in the future to select therapy for hypertension.
A number of instances exist in the literature in which only one paper has been published describing the association of a particular gene variant with treatment-related cardiovascular outcomes. Although such studies do not provide sufficient evidence to guide treatment, the data are interesting, and many of the genes described have strong biologic plausibility. Thus future studies to independently replicate these findings are important. These genes include KCNMB1 (REF. 87 (REFS 93, 94) .
In contrast, ADD1, which might be associated with blood pressure response to hydrochlorothiazide as described above, has also been extensively studied with regard to cardiovascular outcomes. An observational case-control study found that carriers of the ADD1 Trp460 variant who used drugs of the thiazide class of diuretics had a significant 50% reduction in their risk of adverse outcomes, including myocardial infarction and stroke, compared to carriers of the ADD1 Trp460 variant who used other antihypertensive drug classes 95 . However, this association was also studied in large randomized trials of patients with hypertension that were designed to investigate cardiovascular outcomes.
These studies, including the Genetics of Hypertension Associated Treatment (GenHAT) 96 , INVEST 97 , and Losartan Intervention for Endpoint Reduction in Hypertension (LIFE) 98 , as well as the populationbased Pharmaco-Morbidity Record Linkage System (PHARMO) 99 , did not replicate the finding of the observational study. Collectively, the available evidence does not support a pharmacogenomic effect of the ADD1 Gly460Trp polymorphism on adverse outcomes in users of thiazide diuretics.
Future directions
The long-term goal of hypertension pharmacogenomics is to use genetic and clinical information to select the antihypertensive drug regimen that is most likely to provide the greatest efficacy with the lowest risk of adverse effects for an individual patient. However, many challenges have prevented this goal from being met. The biggest of these challenges is the relatively small sample sizes of the available studies with a well characterized blood pressure response and genetic data, which limits the power for detecting genetic associations at the GWAS level. Other challenges include the ability to replicate genomic signals in independent cohorts, particularly in datasets that include individuals from diverse ancestral backgrounds; identify the biological basis for the genetic association; and define the clinical utility of replicated signals for predicting blood pressure response. Previous examples of collaborative success in disease genetics studies, for example as seen with CHARGE, BPGEN and HYPERGEN, and in pharmacogenomics (for example, the International Warfarin Pharmacogenetics Consortium) clearly show that collaborative consortia represent the best approach to overcome these challenges.
ICAPS
The International Consortium for Antihypertensive Pharmacogenomics Studies (ICAPS) was formed in 2012 with the aim of increasing the opportunities to discover and replicate the genetic signatures of many different phenotypes related to antihypertensive treatment response. ICAPS promotes the discovery of genes that influence response to antihypertensive drugs with the primary goal of advancing pharmacogenomics discoveries that will lead to definitive evidence regarding the use of genetic information to guide antihypertensive treatment decisions. Through ICAPS collaborations, several cohorts have successfully identified pharmacogenomic associations 59, 60, 78 , demonstrating the importance of the consortial approach for successful pharmacogenomics discoveries.
ICAPS currently includes >350,000 participants from 31 cohorts, which are based in 10 countries on three continents. These cohorts include those from studies that tested blood pressure response (and in some cases other phenotypes including adverse metabolic responses) to various antihypertensive drugs, as well as large ran domized controlled trials that tested clinical outcomes (such as death, myocardial infarction, stroke, and dia betes) following antihypertensive Nature Reviews | Nephrology A 'risk score' was developed on the basis of the association of nonsynonymous variants (rs16982743, rs893184 and rs4525, in SIGLEC12, A1BG and F5, respectively), with differential outcomes with β-blocker and calcium-channel blocker (CCB) treatment. One point was given for each genotype that conferred higher risk in the CCB group compared to the β-blocker group. Low risk was defined as a risk score of 0 or 1; high risk was defined as a risk score of 2 or 3. treatment. Additionally, a number of observational cohorts with blood pressure response, antihypertensive treatment and outcomes data are included in ICAPS and will be utilized for validation and replication of genetic findings. Through ICAPS, it will be possible to use meta-analytic approaches with genome-wide data for discovery, followed by replication in independent cohorts for many antihypertensive response phenotypes. These pheno types include blood pressure response to first line antihypertensive drug classes as well as adverse cardiovascular outcomes with different antihypertensive treatment regimens utilized in clinical trials, antihypertensive treatment resistant hypertension (that is, patients with uncontrolled blood pressure despite three appropriately dosed medications, or requiring four or more medications to achieve blood pressure control), and adverse effects, including metabolic effects (for example hyper glycaemia, hypokalaemia, hyponat raemia and hyperuric aemia), new-onset dia betes and rare adverse events (for example angioedema) associated with antihypertensive medication treatment.
By including many different types of cohorts in ICAPS, including shorter term clinical trials with surrogate end points (such as blood pressure and glucose); longer term randomized trial data with overall blood pressure response and hard clinical outcomes (such as myocardial infarction, stroke and death); epidemiological studies with rich data sets that include medication history, medical history with physical exam and laboratory data, and in many cases cardiovascular outcomes data; and cohorts from diverse ancestral backgrounds, analyses conducted within ICAPS will be able to overcome many of the existing shortcomings of antihypertensive pharmacogenomics research.
Other 'omics' data as biomarkers Over the past decade, metabolomics, a global biochemical approach to identify metabolic pathways and networks associated with human disease, has been used to assess drug responses. In 2013 we reported a differential metabolomics signature of response to atenolol treatment in white Americans and African Americans 100 . When the signals of the metabolomics signature were combined with genetic signals involved in relevant metabolite pathways, we observed atenolol-induced changes in the metabolome that were dependent on ancestry and genotype, which could help to explain the observed differential response in blood pressure 22, 100 . In addition, a well replicated branched chain amino acid signal that is associated with insulin resistance and diabetes is also associated with atenolol-induced hyperglycaemia and impaired fasting glucose, which is an important phenotype in the diabetes continuum 101 . Studies of pharmacometabolics and blood pressure response are currently underway and will shed further light on important biochemical pathways involved in the response to antihypertensive drugs. In the UK, the Ancestry and Biological Informative Markers for Stratification of Hypertension (AIM HY) study 102 will investigate pharmacogenomic and pharmacometabolomic signatures of antihypertensive drug response, and use this information to prospectively identify and test a personalized antihypertensive treatment approach. Lastly, transcriptomics -the study of the complete set of RNA transcripts that are produced by the genomeis another 'omics' approach that could be useful to elucidate drug response mechanisms 103 . Tools for studying genome-wide microRNAs that may affect expression, methylation, and other genetic modifiers are also gaining interest. These approaches are likely to be used to help define biomarkers of response to antihypertensive drugs and, therefore, increase our understanding of the causes of interindividual differences in drug responses.
Conclusions
Great hope exists for personalized treatment approaches -or precision medicine -in the near future. A number of approaches might be used to achieve a more personalized approach to the treatment of hypertension than is currently used, including the consideration of rela tively simple factors, such as age and ancestry, or measurement of plasma renin activity. Great hope has also been placed on the potential to use genetic markers, or other 'omics' level data to refine treatment strategies. The available data are promising in terms of defining genetic determinants of responses to anti hypertensive drugs, although no studies to date have been sufficiently replicated, or of large enough effect size to warrant changes in clinical practice. For the first time, a new Scientific Statement from the American College of Cardiology, the American Heart Association and the American Society of Hypertension on the treatment of hyper tension in patients with coronary artery disease includes discussion of genetic polymorphisms that could affect blood pressure response to antihypertensive agents, and suggests that determination of genetic variants could be useful in the future to help select appropriate anti hypertensive agents to reduce both blood pressure and the risk of adverse cardiovascular outcomes 104 . The question remains, however, of how to realize the promise of pharmacogenetics to guide antihypertensive treatment. In the field of disease genetics, and particularly hypertension genetics, any discoveries that are made from GWAS by extending well beyond the >100,000 parti cipants that have been included in studies to date will only identify genetic variants with clinically irrelevant effect sizes. However, the same cannot be said for hypertension pharmaco genomics, where sample sizes have typically been in the hundreds (for studies of blood pressure responses) or a few thousand (for studies of adverse outcomes). Thus, use of larger sample sizes, facilitated through ICAPS, should enable the identification of replicable genetic associations. These sample sizes will enable the continued detection of moderate effect size associ ations (for example, those with an OR >1.5 or leading to a lowering of blood pressure in the range of 2-5 mmHg per allele), which are also sufficiently large to have potential clinical relevance if considered collectively.
Any future clinical utility in hypertension pharmacogenomics clearly needs to include a cadre of genetic markers, perhaps along with clinical factors and/or other biomarkers. The precise approach by which such information could be used remains to be defined, but some excellent examples of the possibilities exist. One potential approach is the development of a mathematical algorithm, such as that used for warfarin pharmaco genetic dosing 105 , which incorporates genetic and clinical factors with different weights assigned to the different genotypes included in the algorithm. This approach could be used to predict blood pressure response to a given antihypertensive drug. Prediction of the best drug to avoid longterm cardiovascular outcomes in a particular patient is more likely to occur through a genetic risk scoring approach, as has been suggested for numerous cardiovascular phenotypes, including cardiovascular events prediction, stroke and atrial fibrillation [106] [107] [108] [109] [110] . Using these studies as examples, the risk score could include genetic markers or genetics plus other factors, and the genetic data might be weighted or unweighted depending on the level of evidence in each case. Additional work is required to advance hypertension pharmacogenomics to the level of understanding currently occupied by most cardiovascular disease phenotypes. Full use of genetic risk score approaches, even if they improve predictability, is clearly only going be possible once large amounts of genetic data are readily available for individual patients (for example, genome-wide SNP or whole genome data), and recorded in an accessible manner as part of an electronic health record.
Other 'omics' approaches might also prove useful as predictors of response. Although use of metabolomics and transcriptomics data is in its nascent stages, promise exists for the potential of additional insights to be provided through these tools.
Work over the next 5-10 years should define the potential for genetically-guided antihypertensive drug therapy. Even if a clinically relevant pharmacogenomics signal does not come to fruition in the near term, the work in the field is nonetheless likely to provide important insights into mechanisms of drug action, particularly for thiazide diuretics, for which a detailed, mechanistic understanding of long-term blood pressure lowering remains limited. In addition, discoveries in the field could potentially lead to identification of novel drug targets as has happened in other areas, such as PCSK9 inhibition for cholesterol lowering, with two PCSK9 inhibitors now FDA approved 111 . Increasing focus has been placed on personalized treatment approaches -or precision medicine -in health care, and it is important to define whether effective methods exist to achieve a personalized approach to selecting therapy for patients with hypertension. The best tools currently available for such personalization of treatment are consideration of a patient's age and ancestry, and perhaps measurement of plasma renin activity. The next decade will provide clarity as to whether additional 'omics' biomarkers can be added to the available tools to enable a more precise selection of suitable antihypertensive therapy for an individual patient.
